Introduction
Butterfly wings are natural photonic nanostructures with characteristics of being multifunctional and energy-chemical elements. The wings exhibit complex architecture having hierarchical structures with voids ranging from 100 nm to a few micrometers [1, 2, 3] . Colours on the butterfly wings originate either from pigmentation or structural mechanism. The structural mechanism found on most butterflies is adopted in bio-mimics of waveguides for photonic transmission. Most authors use the Fourier Model Methods (FMM) [4, 5] to study the interaction of light with the wings by discretizing the wing structure along the wave propagation direction. Next, is to impose a boundary condition to get the eigenmodes of electromagnetic waves. The drawback to this method is that it leads to exponentially growing evanescence modes. Yet to compute fields in and around the scales, the Green tensor method is applicable. The Green tensor method is a solution for a point source of the wave equation and it enables the computation of fields in and around the scales (known as the scatter) using a matrix method.
In this study, we applied Green tensor method to calculate the energy of light traveling Danaus plexippus butterflies are of order Lepidoptera belonging to Nymphalidae families. This butterfly combines flapping and gliding of its wings to move from place to place [6] ; Navigation is an important aspect of this Lepidoptera species.
The flight abilities of this butterfly are of much importance due to the range of distances they can travel which has earned them the name "the wanderer" [7, 8] .
Studies conducted on the Lepidoptera suggest that they use the eyes as photoreceptors in detecting polarized light in the ultraviolet region [9] . Interaction of polarized light in the region close to an ultraviolet spectrum with the wing is important [10] . In this study, in and around the wing using the Green tensor method [11, 12] , (ii) computational analysis of scattered wave in the grooves and corresponding electromagnetic energies.
Background
In Fig. 1(a) , the wing of the Danaus plexippus butterfly displays beautiful colour combination of reddish-orange with black vein-like markings and white spots. The scatter plot of segmented pixels in a*b space shows a mapping of colors in the wings. For an automated classification, the k-means clustering algorithm with CIElab routine via the MATLAB image processing toolbox provides different colours as reported in Fig. 1(b) . Fig. 2(a-b) shows the SEM images of the Danaus plexippus wing at 100 and 2 μm, respectively. Clearly, Fig. 2(b) shows the nanostructured ridges, separated by cross-ribs with different periodicities. The SEM image on a black border indicated with arrow shows the tip-end ridges displayed in Fig. 3(a) .
Theory/calculation
To develop a theory of an electromagnetic wave propagation in a wing of a butterfly Danaus plexippus, part of SEM image was crop and presented in 3D (azimuth −25, elevation 55). Here, the waves travel along grooves (see Fig. 4 ) and are subject to a discrete translational symmetry.
The Eigen function modes of waves are given in the Bloch form [13] as
with a periodic function u z ð Þ ¼ u z þ R ð Þ, R = la(l is an integer, a is the lattice parameter), x is the direction of wave. Generation of corresponding eigenmode energy (En) consider scattering around the groove.
The strategy for solving the scattering in and around the scales is to discretize the structure along the propagation direction. This is due to the homogeneity in the propagation direction (x -axis) where the wave is subjected to a translational symmetry with the (x, y) co-ordinates expressed in terms of the wavelength. The configuration is mapped onto a linear array with the index starting from 1 as the dielectric constant (Δεi) and the medium being The scattering of electromagnetic fields in and outside the scales with a grid dielectric constant Δɛ r ð Þ ¼ ɛ r ð Þ À ɛ B is analyzed using the inhomogeneous Helmholtz equation [14] as
where Δɛ r ð Þ ¼ 0, the background with the incident plane wave
which is a solution of the homogeneous part of the Eq. (2). By assuming the scale to be a 2D scattering system, the tensor degrades to a scalar-tensor (GB). To be able to compute the scattered field in the time-harmonic case, the wave equation with a point source is (Refer Ref. [14] )
with k 
The above equation ( 
Where H α ð Þ denotes Hankel functions [15] of the first kind:
The scattering of light by the wing is modeled from Eq. 
From Eq. [ 2 3 _ T D $ D I F F ] (9), considering the cells 1 and 3 to be the background (see Fig. 4 ), leads to (Refer Ref. [15] )
whilst the cells 2 and 4 of the system are deduced from Eq.
To evaluate Eq. [ 2 5 _ T D $ D I F F ] (11) and calculate the scattering energies in the wing, we adopted the technique used in [12] and assumed the following;
(i) The cells have the same shapes and sizes,
(ii) The distance between each pair of cells is equal, (iii) The scattering configuration is mapped onto a linear geometry.
The geometric information needed is the x and y coordinates as well as the dielectric constant. This is obtained from The ρ values are used to compute the Green functions in Eq. system. The Nano-architectures of their scales were examined using the Nova NanoSEM Scanning Electron Microscope (SEM). 
Conclusions
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